Introduction
The "reworkable" resins, which are easily removable after use, are getting more important in terms of environmental aspects. In this point of view, some thermosets which are thermally or chemically degradable under a given condition have been extensively studied [1] [2] [3] [4] . We have previously reported the photocurable resins which can be re-dissolved in solvents by thermal treatments [5] [6] [7] . We have also reported the application of the reworkable resins as functional materials for nanoimprint lithography [8, 9] .
Difunctional (meth)acrylates are widely used as UV-curable monomers with high reactivity. However, curing reactions of the difunctional (meth)acrylates are strongly inhibited in the presence of oxygen. The oxygen inhibition was effectively suppressed by the use of thiol-ene photocuring system [10] [11] [12] . Thus, application of thiol-ene system affords high sensitivity to reworkable resins.
In this communication, we report reworkable resins using thiol-ene system.
Photo and/or thermal curing system which has reworkable properties has been applied to the system as shown in Fig. 1 . A reworkable monomer which have both methacryl units and degradable units was mixed with multifunctional thiols. Curing of the blends of the reworkable monomer and the thiols was carried out by irradiation at 365 nm in the presence of a photoradical initiator. Photo-induced acid generated from a photoacid generator induced the degradation of the cured sample by irradiation at 254 nm and the subsequent baking. Photocuring and thermal degradation behaviors of the reworkable resins were characterized using thermal analysis, Raman, and MS spectroscopy. A reaction mechanism of the curing and degradation of the resins was also discussed.
Experimental

Materials
The photoradical initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA), the difunctional thiol 3,6-dioxa-1,8-octanedithiol (DODT), and the photoacid generator di(tert-butylphenyl)iodonium trifluoromethanesulfonate (DITF) were purchased and used as received. The reworkable monomer 1,1'-(1,1,4,4-tetramethyl-1,4-butanediyl) dimethacrylate (DHDMA) was synthesized as described [4] . 
Photo-curing and thermal degradation
A mixture of DHDMA, DMPA, DITF, and thiols (DODT, BPMB, or PEMB) (1~2 mg) was placed in a 5-mm-diameter aluminum pan. Irradiation at 365 nm was performed in air or under N 2 using a Shimadzu UV-DSC system with a mercury-xenon lamp (Hamamatsu Photonics, LIGHTNINGCURE LC8, 200 W) in combination with a bandpath filter for 365 nm. The cured sample was irradiated at 254 nm in air using an Asahi Spectra MAX-301 xenon lamp (300 W) in combination with a bandpath filter for 254 nm. Intensity of the light was measured with an Orc Light Measure UV-M02. The sample pan was baked on a conventional hot plate. Insoluble fraction was determined by gravimetry before and after dissolution of the sample in tetrahydrofuran (THF).
Measurements
UV-vis spectra were taken on a Shimadzu UV-2400 PC. FT-IR measurements were carried out using a JASCO IR-410. Photo-differential scanning calorimetry (photo-DSC) was carried out using a Shimadzu UV-DSC system. Raman spectroscopy was carried out by JASCO RMP-315. Thermal decomposition behavior was investigated with a Shimadzu DTA 50 simultaneous thermogravimetric analyzer and differential thermal analyzer (TG/DTA). Mass spectra were taken using a Shimadzu GCMS-QP2010 equipped with a DI-2010 direct injection instrument.
Results and discussion
On irradiation at 365 nm, photolysis of DMPA initiated the photopolymerization of DHDMA. Simultaneous addition reaction of DHDMA and thiol compounds proceeded. A photo-DSC was used to collect the reaction exotherms, which are proportional to the maximum rate of polymerization [12] . Samples of 1.3 ~ 1.8 mg were weighed into aluminum sample pans. Samples were polymerized under N 2 or in air. Figure 3 shows the photo-DSC exotherms of DHDMA and DHDMA/thiol blends. Effective photo-curing was not observed for DHDMA in air due to strong inhibition by oxygen. Photo-curing was observed for the DHDMA/thiol blends in air. Photopolymerization rates of the samples decreased in the order DHDMA/PEMB blends > DHDMA/BPMB blends > DHDMA under N 2 > DHDMA/DODT blends.
High reactivity of thiol-ene system was demonstrated from the fact that the concentrations of methacrylate units in the samples were in the order DHDMA (98 wt%) > DHDMA/DODT blends (60 wt%) > DHDMA/PEMB blends (48 wt%) > DHDMA/BPMB blends (34 wt%).
It is interesting that photo-curing rate of the sample using DODT, the primary thiol, was lower than those using PEMB or BPMB, the secondary thiols. The Raman spectra of the DHDMA/thiol blends were directly taken to determine the conversions of methacrylate units and thiol units after the Photo-DSC measurements [13] . Figure 4 shows the Raman spectral changes of DHDMA containing 1 wt% DMPA and 1 wt% DITF on irradiation at 365 nm. The peak at 1643 cm -1 ascribed to C=C stretching decreased after irradiation. The conversion of DHDMA was estimated to be 50% after irradiation with a dose of 600 mJ/cm 2 . The results of Photo-DSC (Fig. 3 ) suggested that polymerization almost finished after the irradiation.
The low conversion was presumably due to the low mobility of methacrylate units within the crosslinked matrix. Figure 5 shows the Raman spectral changes of DHDMA /PEMB blends containing 1 wt% DMPA and 1 wt% DITF on irradiation at 365 nm. The peak at 1643 cm -1 ascribed to C=C stretching completely disappeared with the decrease of the peak at 2568 cm -1 due to S-H stretching after irradiation. The conversion of S-H was estimated to be 50%.
The result suggests that photopolymerization of the methacrylate units in DHDMA and thiol-ene reaction proceeded simultaneously. The quantitative consumption of the methacrylate units and about 50% conversions of thiol units were observed for all DHDMA/thiol blends.
Thermal decomposition behaviors of the cured DHDMA/thiol blends were studied using TGA (Fig. 6 ) and DTA. When heated under nitrogen at the heating rate (10 o C/min), the cured DHDMA/PEMB blends started to lose weight at 166 o C. The weight loss was due to thermal decomposition of tertiary ester units, which was 563 supported by the appearance of exothermic peaks. When the cured DHDMA/PEMB blends were irradiated at 254 nm with a dose of 600 mJ/cm 2 , the first weight loss started at 110 o C. The lowered decomposition temperature suggested the promotion of acid-catalyzed decomposition of tertiary ester units in the cured DHDMA/PEMB blends.
Analysis of the decomposed product enables to clarify the reaction mechanism. Mass and Raman analyses were carried out. Mass measurements revealed the formation of 2,5-dimethyl-2,4-hexadiene as a decomposed product. The Raman spectrum of the cured DHDMA/PEMB blends after irradiation at 254 nm and the subsequent baking at 160 o C for 2 min showed the formation of 2,5-dimethyl-2,4-hexadiene confirmed by the olefinic peak at 1658 cm -1 (Fig. 5 , bold line). The reaction mechanism is shown in Scheme 1. The radicals photolytically generated from DMPA initiated the polymerization of DHDMA together with thiol-ene reaction of DHDMA and DODT. The formed networks were degraded by thermolysis with photo-generated acid. The networks were converted into low-molecular-weight products. Photo-generated acid lowers the decomposition temperature of the tertiary ester units [14] .
When the cured DHDMA/PEMB blends were irradiated at 254 nm with a dose of 600 mJ/cm 2 and followed by baking at 160 o C for 2 min, complete dissolution of the cured sample in THF was observed. Complete dissolution was also observed for DHDMA/DODT and DHDMA/ BPMB blends. Thus, we have concluded that DHDMA/PEMB blends are one of the most promising candidates as a highly sensitive reworkable resin. 
